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Abstract. In this paper, a linear programming optimization procedure based on
ener-gy flow optimization model (EFOM) is proposed for evaluating the contribu-
tion of distributed-generation (DG) production and energy-efficiency actions. The
methodology details exploitation of primary energy sources, power and heat genera-
tion, emissions and end-use sectors. The model framework is enhanced to include a
description of DG contributions and energy-efficiency improvements. In particular,
a detailed description of the power grid is made to take account of different volt-
age levels in electricity production and energy demand. The presence of mandatory
energy-saving targets in the civil sector is considered under suitable constraints. By
aiming to reduce environmental impact and operational costs, the following opti-
mization process provides feasible generation settlements between large-scale gener-
ation and DGs, and optimal diffusion of energy-efficiency technologies.
1. INTRODUCTION
An energy is central to achieving the interrelated goals of modern societies,
such as, to meet human necessaries for heating, cooling, mobility, etc. Until
the outbreak of the energy crisis, these necessaries was a routine problem
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whose solution was principally a matter of money and technology availabil-
ity. Recently, energy systems have been undergoing a development trend
characterized by three main areas [1, 2]. Privation of the most important
energy sectors (electricity and natural gas) has turned former monopolies
into free-market competitors. It is particular to the case with the unbundling
of vertically integrated energy companies in the electricity sector where gen-
eration, transmission and distribution activities have been split. The com-
munity awareness of environmental impact are caused by large conventional
power plants is growing, together with a greater interest in distributed-
generation (DG) technologies based upon renewable energy sources (RES)
and co-generation. The trend, which occurs in the majority of industri-
alized countries, has allowed energy-policy decision-makers to analyze the
development in the energy system in greater detail, as well as for a deeper
analysis of contributions from both conventional fossil fuel technologies and
renewable source technologies.
The energy planning, which must take into account social and envi-
ronmental factors, has to be carried out by studying all primary energy
sources, from fossil fuels to RES, to determine optimal exploitation. It may
seem that energy planning in the electricity sector is superseded in a liber-
alized energy-production context where the electricity market is presented.
However, energy planning is a powerful tool to show the consequences of
certain energy policies, which helps decision-makers choose the most suit-
able strategies to promote the spread of cleaner DG-technologies that take
into account environmental impact and costs to the community.
DG includes electrical generating units and co-generation units with
nominal powers ranging from some kW to tens of MW, designed to deliver
production to high voltage or medium voltage electricity networks or to
cover the load demand of single customers. For this reason DG facilities are
often located close to load centers [3, 4]. Energy sources employment in DG
facilities can be divided into non-renewable fuels and RES. Non-renewable
fuels are mainly used in co-generation appliances and micro-turbines sys-
tems, and they include fossil fuels such as natural gas, diesel oil, process-by
products (blast furnace gas, cookery gas, refinery gas). A distinction is
made between non-combustible RES and renewable fuels. The former in-
cludes wind energy, water flow energy, geothermal sources, solar energy, tide
and wave energy. Solid biomass, biogas, liquid bio-fuels and refuse-derived
fuels (RDF) fall into the category of renewable fuels.
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In recent years, there is a considerable expansion of DG technologies.
The presence of DG facilities brings benefits to both the electric power sys-
tem and the total energy system. By using DGs, energy can be generated
directly where it is consumed. As a consequence, if transmission and dis-
tribution networks are less charged then safety operation margins increase,
also transmission costs and power losses are reduced. Since the most DG
options renewable-based technologies are used, there is a lower environmen-
tal impact. At least, the spread of DG technologies enhances supply safety
in the energy field by reducing dependence in fossil fuels.
In particular, medium voltage-distribution networks have always been
conceived as a path to carry out electric power from higher to lower voltage
levels. The penetration of DGs in power systems, especially for installa-
tions that employ uncontrollable energy sources (e.g. solar panels and wind
turbines), can influence the behavior of protection devices and cause fluctu-
ations in transmission-network power flows, which require additional studies
in network protection devices and flexible control [5].
A further aspect that has become apparent in recent years is the issue
of energy demand in end-use sectors. Demand side management aims to
reduce energy consumption by means of energy conservation actions. By
using it, a distinction is made between energy-saving actions and energy-
efficiency improvement measures. On the one hand, energy-saving actions
include a more responsible use of energy by customers, for instance, either
paying more attention to stand-by losses in household appliances, or using
energy only when it is needed (e.g. switching off lamps and using hot water
on request). Energy efficiency is concerned by the ratio of performance
output, services, goods or energy and energy input [6]. Both enduser energy-
efficiency enhancements and energy-saving actions produce primary energy
savings that can help to reduce energy imports and cut down on greenhouse
gas emissions.
The proposed of this paper is to model the contribution of DG and
energy-efficiency actions when sustainable energy planning is carried out.
To this purpose, the procedure in [7] has been extended to take account of
the presence of DG technologies and sustainable energy-efficiency actions.
To provide a detailed description of DG production, we consider a power
grid scheme with various voltage levels and relevant power flows. Planning
procedure follows an optimization process based on the energy flow opti-
mization model (EFOM) [8, 9, 10]. A multi-period linear approach is used
with costs due to energy production is minimized in the presence of technical
and energy-policy constraints.
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2. MODEL FORMULATION
2.1 Energy System Model
Based on the modular structure of EFOM [9], the energy system is rep-
resented as a network of energy chains, starting from the primary energy
supply and ending with end-use sectors.
The model is driven by an exogenous energy demand. From the energy
chain network, the model is built into sub-systems according to specific
availabilities and requirements. The model consists of a primary source
sector, a power and heat generation sector as well end-use sectors.
The primary source sector includes fossil fuels (coal, oil, natural gas,
etc.), industrial by-products (blast furnace gas, cookery gas, refinery gas)
and local renewables (biomass, solid waste and natural resources). This
sector provides for electricity and heat deriving from large-scale as well as
small-scale technologies and for other needs directly in end-use sectors.
Energy conversion is given by several generation options comprises:
large-scale power plants (conventional steam, gas turbines, combined cy-
cles, and hydroelectric plants), the small- and medium-scale power plants
dealing exclusively with electricity generation (mini-hydro, on-shore and
off-shore wind farms, mini-wind turbines, biomass-to-energy and waste-to-
energy plants), industrial combined heat and power (CHP) plants and civil
production facilities (photo-voltaic systems, solar thermal panels, micro-
turbines). Enduse sectors include the residential sectors and services, indus-
try, transport, agriculture and fisheries. In the first of two sectors, energy-
saving actions and energy-efficiency improvements are applied in the first.
The examples of energy-efficiency improvement actions in the civil sector
are heat pumps, new efficient boilers, wall cavity and roof insulation, dou-
ble glazing of windows, new efficient household appliances and light-bulbs,
co-generation appliances, solar thermal applications and solar photo-voltaic
systems. Energy-efficiency improvements in the industrial sector can be
achieved by means of electronically controlled motors, high-efficiency mo-
tors, variable-speed drives, co-generation appliances, installation of capaci-
tors to reduce reactive power and low-losses transformers [6].
The regional power grid is modeled by considering four different voltage
levels such as very high voltage (VHV), high voltage (HV), medium voltage
(MV), and low voltage (LV). Generation options are divided into four groups
with respect to the voltage of the grid where generated electric energy is
delivered. Electric energy at HV, MV and LV levels is withdrawn by end-
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users.
2.2 Energy Planning Optimization Procedure
The energy planning optimization procedure can be represented by the fol-
lowing expression:
Min CTx
Subject to Ax = b, (1)
where x is the state variable vector, CTx is the objective function, Ax = b
includes the set of equality constraints and inequality constraints.
A more detailed set of DG technologies is considered in this paper. Ac-
cording to the size of hydroelectric and wind power plants, power is injected
at different voltage levels in the power grid.
In [7], the energy demand was assumed as an exogenous variable,
whereas in this formulation, it experiences a reduction due to energy-efficiency
actions in the civil sector. Solar thermal collectors and photo-voltaic roofs
are involved in the energy-saving outline, since they are able to generate
energy savings by substituting other energy sources (fuels for heating or
electricity from the grid).
State variables, such as power flows between different voltage levels
in the power grid scheme and energy-efficiency measures, are added to new
power installations, generated electrical and thermal power, also steam flows
in industrial CHP systems.
2.3 Objective Function
Total actualized cost of primary energy conversion over selected time horizon
is minimized. In particular, the sum of total actualized investment cost of
selected technologies CI , total fixed cost CF , variable costs CV and external
costs CE are considered :
CTx = CI + CF + CV + CE . (2)
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The investment cost CI consists of two terms
CI = CA + CS , (3)
where CA as capital investment cost and CS as stripping cost.
CA =
Nt∑
t=1
1
(1 +DR)t
 Nj∑
j=1
1
AFj
∑
τ∈ΩAMj,t
KIj,τIj,τ
+( Nb∑
b=1
KIb,tub,t
) ,
(4)
whereKIj,τ is unit capital cost of jth installation type at τth year, ΩAMj,t =
{max(1, t−Aj + 1), . . . , t} is amortization period of jth technology, AFj is
amortization factor of jth investment type and KIb,t is unit capital cost due
to application of bth energy-saving measure at tth year, assuming that no
amortization period is required for installation.
AFj =
Aj∑
τ=1
1/
(
1 + ρ − φ1 + φ
)
, (5)
where ρ as interest rate of capital and j as inflation rate.
Stripping cost consists of two terms,which can be expressed as follows:
CS =
 ∑
j∈ΩST
Nt−Dj∑
t=1
KSj,t+DjIj,t
(1 +DR)t+Dj
+( Nt∑
t=1
KSb,tub,t
(1 +DR)t
)
, (6)
where KSj,t is the unit stripping cost of jth generation option which in-
stalled at tth year, ΩST is the set of all j ∈ {1, ...Nj} ′ Nt − Dj > 0
represents power plants that being stripped over time horizon, and KSb,t is
unit stripping cost due to application of bth energy-efficiency improvement
measure at tth year.
CF represents operation and maintenance cost of electricity generation op-
tions.
Variable cost represents the cost of procurement for all fuels necessary
CV =
Nt∑
t=1
1
(1 +DR)t
[
CPV,t + C
S
V,t + C
H
V,t
]
, (7)
where CPV,t represents fuel costs for electric power plants, C
S
V,t represents the
fuel costs for industrial steam production and CHV,t as the cost of fuels for
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civil heat consumption, all evaluated at tth year.
CPV,t =
Ni∑
i=1
Nj∑
j=1
KFi,tci,j
Np∑
p=1
Pj,t,pTp, (8)
CSV,t =
∑
i∈ΩHP
KFi,thi
Np∑
p=1
Hi,t,pTp+
∑
i∈ΩHP
KFi,tmi
Np∑
p=1
Mi,t,pTp (9)
CHV,t = KF3,t

(
Nb3,t −
t∑
τ=1
u2,τ
)
Eb3,1 + Eb3,2 ×
t∑
τ=1
(u1,τ + u2,τ )+
EB3,3
t∑
τ=1
Nz∑
z=1
u3,zτ

+
Ni∑
i=1,i6=3
KFi,tNbi,tEbi, (10)
whereKFi,t is unit price of ith fuel in tth year and ΩHP = ΩMP = 1; 9; 10; 11
represent the set of fuels which exploited by High Pressure and Medium
Pressure boilers respectively.
External costs consist of the economic burden of energy chains on popu-
lation and environment.
CE =
Nt∑
t=1
1
(1 +DR)t
[
CPE,t + C
S
E,t + C
H
E,t
]
, (11)
where CPE,t represents an external costs for electric power plants, C
S
E,t as an
external costs for industrial steam production and CHE,t as an external costs
for civil heat consumption.
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2.4 Constraints
The related constraint can be written as follows:
1
4.86
Np∑
p=1
Pj,t,pTp 6 RPj,t, j = 5, 6, 9÷ 13 (12)
where 4.86 is the gross MW h-to-toe ratio.
Operation limits have to be considered in terms of maximum energy pro-
duction.
Np∑
p=1
Pj,t,pTp > avj
Bj,t + ∑
τ∈ΩDURj,t
Ij,t
 . (13)
Energy generation and consumption balance is formulated following
the proposed grid model.
α1
 4∑
j=1
(auxiljPj,t,p)− 1
α01
Expt,p
+ ∑
j∈ΩHV
(auxiljPj,t,p) = Q1t,p + PT12t,p,
(14)
10∑
j=7
(auxiljPj,t,p) + α12PT12t,p = Q2t,p + PT23t,p, (15)
∑
j=13,14
(auxilj · Pj,t,p) + α23PT23t,p = Q3t,p − 4.86 · ESt,p, (16)
where ΩHV = 5; 6; 11; 15; 16 are the set of technologies injecting power pro-
duction at the HV level. In Eq. (14), ESt,p represents electricity savings
achieved in pth step of tth year, obtained by fitting global electricity savings
in a step-wise curve:
Nz∑
z=1
11∑
b=1
(ψel,b,zGUSb,zub,z,t) =
Np∑
p=1
ESt,pTp. (17)
In Eq. (12)-(14), end-use sector withdrawal is subdivided among different
voltage levels through suitable sharing coefficients βs,HV , βs,MV , βs,LV :
Q1t,p =
Ns∑
s=1
QPs,t,pβs,HV ), (18)
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Q2t,p =
Ns∑
s=1
QPs,t,pβs,MV ), (19)
Q3t,p =
Ns∑
s=1
QPs,t,pβs,LV ). (20)
A correspondence between installed capacity and energy-saving measures
regarding solar technologies is imposed. As Ij,t is measured in MW with a
reference unit of 1 m2 for solar thermal panels and 1 kW for photo-voltaic
plants, and suppose that 1 kW of solar thermal panels is equivalent to 2.5
m2 of panels, the following expressions can be written:
1000I12,t = 2.5
Nz∑
z=1
u11,z,t (21)
1000I13,t =
Nz∑
z=1
u12,z,t (22)
DG technologies are often required to cover a given minimum amount of the
whole electricity demand:
14∑
j=5
Np∑
p=1
Pj,t,pTp > DGpt
Ns∑
s=1
Np∑
p=1
QPs,t,p. (23)
Energy savings achieved by means of all energy-ef?ciency improvement mea-
sures have to reach the global energy-saving target, that is the sum of the
two targets set for electricity (OBJELt) and gas (OBJHt) distributors:
t∑
τ=1
[
12∑
b=1
(
Nz∑
z=1
ub,z,τGUSb,z
)]
> OBJELt + OBJHt. (24)
Specific targets for electric energy savings and natural gas savings have to
be satisfied. These targets are evaluated at 50% of the global target imposed
on electricity and gas distributors, respectively, which leaves the remaining
quota to be covered by other savings:
t∑
τ=1
[
12∑
b=1
(
ψel,b,z
Nz∑
z=1
ub,z,τGUSb,z
)]
> 0.5 ·OBJELt. (25)
t∑
τ=1
[
12∑
b=1
(
ψ3,b,z
Nz∑
z=1
ub,z,τGUSb,z
)]
> 0.5 ·OBJHt (26)
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Depending on the features of civil end-users, the following constraint can be
written:
Nt∑
t=1
ub,z,t 6 ESPb,z. (27)
Energy saving is related to climatic zones with the number of energy-efficiency
improvement measures which is divided among zones directly proportional
to zone population.
ub,1,t
Pop1,t
=
ub,2,t
Pop2,t
=
ub,3,t
Pop3,t
. (28)
Since further heating facilities in the civil sector are taken into account, to-
gether with energy-efficiency improvement measures, thermal power balance
can be modified as follows:
Np∑
p=1
QTt,p − 12.44
Nz∑
z=1
10∑
b=3
(
Ni∑
i=1
ψi,b,z
)
GUSb,zub,z,t =
∑
j=12,14
Np∑
p=1
Rj,t,pTp
+ 12.44
 Ni∑
i=1,i6=3
NBi,tEBi
ηi
+
(Nbel,t −
∑t
τ=1 u1,τ )Ebel
ηel
+
(Nb3,t −
∑t
τ=1 u2,τ )Eb3,1
η3,1
+
Eb3,2
∑t
τ=1 (u1,τ + u2,τ )
η3,2
+
Eb3,3
∑t
τ=1
∑Nz
z=1 u3,z,τ )
ηel
]
, (29)
where 12.44 is the net MW h-to-toe ratio.
Safety-first type constraints
Safety-type constraints impose some bounds on the probability that the
pollutant emissions overcome the pollution levels as,
P
(
n∑
i=1
bijxi 6 djs
)
6 ejs, j = 1, ...,m; s = 2, 3. (30)
We denote dj1 as the desirable pollution level for the pollutant emission, dj2
as the alarm level and dj3 as the maximum acceptable limit of pollution.
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4. CONCLUSION
An optimization model has been adopted to investigate DG diffusion and
energy-efficiency actions in energy planning studies. The proposed approach
is based on EFOMmodular structure that details the exploitation of primary
energy sources, power and heat generation, emissions and end-use sectors.
Particular care has been given to describe the DG technologies and their
energy injections in the electric grid.
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